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Abstract

This paper presents the development of a low-cost,

regeneratively-cooled thrust chamber for the Fastrac

engine. The chamber xsas fabricated t,sing

hydraformed copper tubing to form the cool:int jacket

and wrapped with a fiber reinforced polymer cc:nmosue

:natcrlai to form a structural iackct, i'he H/IUSt cl/al/1Der

Jcsign and fabrication approach was based uplm .qpacc

America, Inc.'s 12,000 Ib regenerativeJy-cooicd

LOX/kerosene rocket cnmnc. Fabrication <q

reeenerati\'elv c_oled thrust cilambers by _ttbcwail

construction dates back h} the car ",' IriS. i_aJlistic

:nissile l_rograms. !_Ao Hlt_,.[ .q:_'llllic/tll[ [[1Tll)\;L[!_3Tls 1[1

:his desien was the dcvei(lDn/Cllt {1i it low-cost !H-occss

:_r labrication from c_pper lubin'.: Inickcl alloy _as tnc

tlsu'tlJ practicc l and use t)l _raptutc COlllpOSllC o'_crwim;.lp

,!5, tile pleSSUrC COlllalnlllCtl[. 'AIIIUII Vlt2itJs Ltll CL[:.,II',.

fabricated, lightweight pressure iackct around lhc

:_>pper tubes. .\ rceenerativcl',-coolcd rcusat_lc lhrl.lSl

_;lalnber c:An J?ellCli[ [he t:,ilg[laC c_'ll_lllC !'J-ogr_.llll pv

.:Jlowlng illore clticient (c_,t alld schedule) leSllll,2. .',.

:-t-t3ol-oI-ci)ncept test articic h:.IS i]cell [Li['_ric;ttc_-i :tIttl

', Jil bc tcstcd at Nlarshatl Space t-iieht Center m mc iatc

Summer or Fall of 2000.

Introduction

'J " :-H_IC _:I:21[1L' :" :'::!D ',I

c _'_{L'l d_llltlJc !C', _, _] :L',ii. C_ r, .. ` 1,.

tCllltlllSlratc Ill,tit ol l-lhe-sllctl proclucts allot Ct]lnlllClclal

practices could be used to develop lov,'-cc_st rocket

engines. Initially. the Fasirac engine was intended for a

ground launched expendable booster, but early in the

.:)Cil> ,l:J[ ; : 'ql-;,_il _[:.. ..... ;'.; ;: L:, J

Pace .\nlcnca. lnc. ctlrrentl',, I.it!Uld i_IIL_IllC ."_\_,[CIIIN i:_llgllleer.

NASAIMSFC, Senior Member.

":mmusmm Devices EnL'inccr and t'{)Tb', ?;\g.k, MSFC :'enter

Member.

: Chief Engineer. Senior Member.

:IS lll4[crls.I ls dt2ciaI-c_l LI %orK qq [[IC L _ ;w_.CNIlTICIll ;tRd t_ hot

ublect to copyright protectmn m the United Slates.

design cycle it was chosen as the propulsion system for

the X-34 high speed research vehicle. Since moving

into the flight development stage, the engine has been

-e-designated the MC-1.

Space America, Inc. {SAIt submitted a proposal

_mder NASA Research Announcement 8-21. cycle 2 to

.cvctop a rcecneranvetv-cooied thrust chamber for the

!:astral engine. The thrust chamber would be based on

_lle design and labrication processes demonstrated in

NAI's 12.000 lb_ thrust (12KI, regeneratively-cooled,

!.O,"Wkerosenc thrust chamber.

\ reeenerativeh'-cnoied dlrust cimmber could

cnelil r!le !::lslrac mL,inc !m,L,r:un by prnviding a

,_'usahic ;i_rust chamber, rims ;_ittlxvtng more cost

• :ficicnt testme and operamm, i'his paper will discuss

110 dCSl,Jn and fabrication of the prool-otLct)ncept lest

.dticJc and the lest program that ;_ ;li be conducted with

_hc chamber.

,:c:,eaicll ( )bleCll,, es,

l'hc tQlleCll\C t_l Ille contract _.;;ts to evolve the

_bricatI(ql approaci_es used by S,\I in the construction

,l tiic i ZK thrust chamber to a nigher fidelity unit

which could undereo hot-fire tesiine with the Fastrac

::laln inlccior. :qpccilically. the rcscarci_ objectives 'tire

he itflt_winL,:

-i:' :'+,#3,r-: "J • ',2Fi"'1 "_' :OllC-:F_llVelV COOle(]

:,l_: 2/.;;n=,er " 7"0 _-7serac r-,:=:;;_ ,_:11o:he low cost

egeneranvely .;oolea thrust chamber methodology

Jevelol3ecl by SAI for the 12K chamber.

• Develop conceptual layouts for integrating a

regeneratively cooled thrust chamber into the Fastrao

engine assemblv, with specific application to integration of

::=r,_r<<_.<. .:=.: - _:ra,: :'_::,,_ :i;,.:,,r'eX-34f!iQht

test program.

• Drowde a proof-of-concept test article to MSFC for a 3-

_st series _n TS i _6. 7he test anicte wiil be tested at the

same operating conditions as the current thrust chamber

3ssembtv testing. Thermal data will be obtained to
_.asure the CU;K coolant temperature increase and the

temperature a[ the coolant tube/eomposRe jacket

.A.nlerlcan institute el Aeronautics and Astronautics



interface. This test article will be examined to investigate

life limiting hardware issues.

Background

The Fastrac engine was initially' intended to be a

booster engine tbr low cost expendable launch vehicles.

A number of design approaches were taken to make the

engine easier to produce to achieve the low \cost

objective. Primary among these was the use of

simplified designs to enable Iabrication with

commercially available machining equipment. Using

ablative nozzles provided a good solution to that

problem. The Fastrac engine became the X-34 main

propulsion system and final development was based on

that application. A significant amount of the hardware

design was essentially frozen, and redesign to increase

the reusability would have adverscl_ unpactcd the cast

and schedule of the engine. The Fastrac ablative

nozzles are designed for a 300 sec burn duration, or a

22 scc engine acccntancc test :,'nO a i'aii ,]uratl_m 4 i5f

._ec)burnduringaX-34mission. ili>aS():l expansion

ratio nozzle, but the nozzles are _lten truncatcd at 15:1

!or sea level development testing, rhc P-astrac engine

,_perates at a chamber pressure ,! z_33 p_m :rod

produces (_(),000 lb. vacuum thrust.

_t3;.|CC ,.\n)eFica. lilt. is dc',,eJi!ff, lllff A ;AHIlI\ t,l !_}w-

,_,_[ conlnlerClaJ roc_c[ \cllit.'lc_, :IiClLltllnU ,,_Ull{.Jillg

,_cKets, mithar\ target xehicies. _mo ii_ht and medium

.lass expendable launci_ ,,cilictes )_eecncraUvciv

.,_qed thru_,t chambers are ct_st ,_';licicnt :,,r Space

.kmcrica's main propulsion >\stems bx ,lilowing

:_dditional dcvelopn]ent tcstin,J ',\ llhOl.ll Jtavlnk_ i/_

:cPiacc disposable thrtlst ch;.tln_)crs. ]]IC ,:_st cl licicncv

ncreases it lhe vehicle or staee is rcc'_wered.

SAI beean cvoiutumarx ,.icvci_pmcnt ,_l

c_Clleralivclv-coolcd ]ox/kcl-OSClle iwckct cllglnes ,.U.

the 4000 lb, thrust level with partially-cooled thrust

chambers. The 4K cngincs provided ',aluable

experience and test data and led to development of a

12,000 lb, regeneratively-cooled engine. The 12K

engine is fully regeneratively-cooled, using copper

tubes hydraformed and shaped to fit together to form

the nozzle and chamber contour. The graphite

structural overwrap approach that had been entirely

successful at the 4K level was maintained. A test

apparatus wad built to develop-and prototype the net--

shape hydraforming process. Figure 1 shows the

chamber during assembly (photo on the left is the

tubewall assembly partially welded, and the photo on

the right is the fully assembled chamber after

application of the graphite reinforced composite

overwrap jacket).

Application to Fastrac Enmne

A regeneratively-cooled thrust chamber can benefit

T.he Fastrac engine development program in many ways.

!t allows increased development testing without the

_mc and cxpcnsc _l replacing ablative nozzles.

Regenerativety-coolcd engines are generally expected

I_ provide approximately lq- increased performance,

ahhough tl_e counteracting real processes inside the

__m]hustion chamber may tend t_ dissipate that

theoreucal increase. In the X-34 program, or any

CtlS:.lb]e ,,chicle.._ rc_cnerat]_cix-c_oled engine also

,ecrcases prugram cost, ,cheduie. ,,nd risk bv

limlnatln2 the requ]renmnt t_} instaJ[ a new nozzle after

'ach llllSSi()n.

Pmeram Phih_sophv and Approach

\n aggressive schedule was cstablished in order to

:_roducc test hardware ior an anucipated lest stand

:vailahility approximately 6 re{rams from contract start.

_.kmcurrent design practices were utilized I() enable the

:lcsign to progress based upon lirst-ordcr calculations

while higher-order analyses were being developed

independently by consultants - when the higher order

Figure 1 - Space America 12K Regen-Cooled Lox/Kerosene Engine

[.c'l} -- l)ltt llt L' i{'#[J-ltp." i'_t'_'tl[ - . il[(/r ("OIIIP(L_,Itd J4t('k(2.r F(I,12
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analyseswere obtained,that informationwas
incorporatedintothehardwaredesign.Theprogram
wasplannedwith four primarytasks:preliminaD'
design,detaileddesign,fabrication,and testing.
ReviewswereheldwithMSFCatkeymilestonesinthe
program.

Initially,thepreliminary,designfocusedon key
areasof technicalrisk. A primaryobjectiveof this
programwasto demonstratethat fabricationof a
regenerativelycooledFastracthrustchambercan he an

economical alternative to the current ablative chambers•

Therefore, the proof-of-concept test article needed to be

representative of any eventual llight units. This

presented a number of conflicting requirements.

principally, the ability to design the chamber for testing

as a thrust chamber assembly while maintaininL, the

_bilitv tt) integrate it into tile engine svstetn. /i'e cniel

concern was the ability It) develop ,'.CslEns ::rid

:abrication processes (or the m:mufacmre _l _t 51RffJc

roductlon Llni[. v',ilIJC l]lllllllllZrn_ i_]C c_:2>l'.Z!'i .... I .... '_

,ceded l{)r increased Drodl.iCtlOTi,

l'he Space America, inc. i2,01)1} ibI r¢_c_,c', cn_lne

_perates Lit ,_0 psia chamber pressure ,:lid t,

e_cneratlvc-cooled to an al•ca rtlrio tq _kDDIllKIIIlitICIV

J• it has tl (/._) "" lJiallletcr i[lrotlt. ALI).; ;' , ,_IIlDLIMIOI1

;lanlDCr tiiLllllelCr tHlti i _, _!DDI'_)\IlttLIICI', ..... U.<_. 2

_'K t_I'lfflnc 115cs llkltll£1 II]ICC[I()II I]/ItlEt ,_'c/t)l, F,,[Ft/I

:lid the side t_)uce Inc c(?Illp(>,ilu itkCl-.2ct ]_'lkl>t ,_:iI'rV ,-

Jlatl\clv thiner, i{x, ' <._q]lr_ls,[. [_.C 2::tMlaC nfflllC

berates :il. ()_ !-,Ma. lii_> ,, .__"'" .idlrlC[dI :1(I:1{, ..

1._,__ ...._'"combustion chamher diameter. :rod Ihc :';_,

:VC;.I r:ltlO llt)zzlc i'-, _DproxlIll_itciv +J- :ri_. i;c

-z!strtlc cl]_lnc iN UlillPaict.i dlltl LI'_US 1•'_! 4.2{lliJ.It)I5 {:,

;)piy lt_l-CC 1_) IllOVe ihe C[l_lne iti LIIIcc[ "LIIC II1FUM. lie

T1crc:.lse(l t_Dcratlng pre!,Mlrc. ::r_cr lit)/lie. ,zltl !lie

_,'C '<, )dds 111c -lffnlllCatH , .ill,il{l()rl s IILCU ..CFC

addressed during the desien. .\dditionallv. SAI

_;entilied that the lareer nozzie necessitated the tt;c _+[a

"]lklI'C:ll.lOn _+[ the [klbC'4 1¢_ ql_!tlDIc IJIJ FLHI]fflCI" [ I_3C"-,

• "]<' tlL'.c_'VL'CIH ','_(_//lC.

,q'IS1MCd _:1 iilree ,cDarate, dr r-:ilallCl ._{i',,'l[iC:-,i

:abricatine subcomponent and assembly :,)oline.

;abricating tile hvdralormed tubes, and labricating tile

manifold parts. Throughout fabrication of the test

article parts, inspections and tests were conducted in

':''2QC_ .... '_}1 ' "'2t'l!'}O'{ "' ....... U' -"_:'; ""

:OllI'lff !lad to I30 tlC.";l_IlCkl .:fILl ,.kisU.)lll FL!II[ i,q i;]1S

_roiect, partly due to the pnysicai difference between

!',e Fastrac chamber dnd ,<,Dace .t, lllerica :, I2_Q c:}ffllle

and partly to solve problems identified during

fabrication of the 12K chamber. Fabrication tootine

>2iudcct h\'tiralolln :',,t_icis, iiiI"t2 "-Y..'5II:II?C ;.ZL1 P!'CI_III2

,dis, _vdrauiic ; l V (l l'.t!.l t )lin i n _ ', -,tc nl. .:ILl

miscellaneous alignment and fixturing tools. The

assembly tools included a horizontal assembly cart, a

vertical assembly pallet, an assembly mandrel, and

miscellaneous alignment and fixturing tools.

The preliminary design effort defined the

functional requirements, updated the conceptual

designs and reevaluated proposed manufacturing

techniques. The contract required fabrication of a

single thrust chamber for design verification testing.

Fabrication of additional regenerative thrust chambers

is highly uncertain, and depends upon the performance

of the component during testing and upon the direction

of the MC-1 engine and X-34 programs. Thus, design

and fabrication approaches were reviewed during the

preliminary design effort to determine the optimum

4_proach tor fabrication or the test article, and to define

:teas that couid and would be improved if production

, ;J_e :c<..,cn-cnrusl on:miners _as needed. This section

,.ill l_resent the derived requirements for design of the

:est article, desr<_,n trade studies, and integrated engine

,.oncepts.

)CSl_n i'_,¢tlutrements

"IiI1CC Z'.IILIIC ]:Hc,2'r?.llt_ll '.:',lo [[?c t::tMrac cn_inc

.',>CII/DIv 1", {I;C platpOSe _:'t il_is clCVCll.}plnen[, defining

le IlIlCI'It}CC', ,.dis [ile ]ifst pl-lOrllV• ['\'_0 >,ets tit

:}tcl-r;.lccs {lllkl tJCSI_I1 redt.llrcmcnls exist - first for the

,.q ,_r;_c_c a:_d _i¢ ',,,,4_1>_' at ?_ISFC. _rid :,ccond for the

Vile,2ratlon (_I :i rc,zen-ctlanlber into Ihe Fastrac engine

.._SClllb]',,'. 2vertil Wadc ,qudies ',_cre performed.

lUltldillff ALlC:', _ CtCFII]IllC nC :ted line

;: _Fllifftlr:.lllt)n. t',lC c_>tHallt circuit f erie-pass or pass-and-
:-tl_lt[l. Ldld ]5.brlc:.Ltlt)n r,roccsscs i,)r tube-tube and

'IDCW_III-III:.IIIlIO]Li iC_lllln_ tlll¢l tile ct)ulposlte jacket.

I'he coolant tubes must be primed with fuel prior to

t:lrtii"le tide mare c;;mbustion chamber. The life of a

?oial'il !LIDC ".ilh;)l.l[ c,)o[tlllt l]ow. :,[ lhe heating rate

.'_:i:21 ;2 ,iit-k,t..,_' 25,,11V,2. ,'<',; :h:m lla}l £

................ Z];;_ ;J_F{ .... ill 1 g Ulatioll:-,

,tUb{ <.CCc;LlIl{ I :C ,)olant ackct priming

'eqmrement.

Fhe test articie structural jacket \vas structurally

designed for the currently predicted Propulsion Test

Article and X-34 thrust vector control actuator loading

,,{;it; ']2< "!.:! ....... _HI]DIlC_I2. {[ _\:lS

:.,sunlctl tiE.it [l]c ct)nlpOSl[C I_iCKCI \\{)UttJ be designed to

carry all el the actuator loads.

-he }_asic ::bpr(mcn t_) developing concepts for

integrating a regeneratively-cooled thrust chamber into

the Fastrac engine assumes the major components stay

!C '-;,_tllle. <:lq_.i lZl()SI if'i the <:Mile v, ositions. [lut all of the

2ct)ndarv .< i'IlDcqlcIl[% Ctiil I",2 iJarr,tlllffed, frying tO

. _.ineFlCai1 institute ()I Aeronautics ancl Astronautics



create a regen thrust chamber as a line replacement unit

and interchangeable with the ablative nozzle seemed to

be unrealistic. In effect, this produces two different

Fastrac engines - a regeneratively cooled Fastrac and an

ablative Fastrac. with the only difference between the

two engines being the thrust chamber and the size of the

fuel orifice. The engine must have a horizontal start

capability, i.e. use in the X-34, so considcration of the

coolant jacket priming is essential. Relocation of the

main fuel valve became essential to integration concept

development. The governing assumptions and ground

rules for the new fuel flowpath in the regen-enginc are

the following:

Yurbopump relationships remain unchanged

• Existing propellant inlets to the engine

• Existing orientation with respect to the injector

• Existing MOV position

• Existing belly band

• Maintain pressure drop within existing fuel orifice

delta-P

Horizontal start capability

• coolant iacket primed at engine start

MFV can be repositioned

Existing ignition system

Maintain injector feed (splitter block and steer nornsl as

similar to existing as possible

Use existing TVC actuator bracket

Ancillary engine components SUDlect to relocation

• igniter valves, bypass valves, purge valves. 7CA

igniter assembly, etc.

[nteerated Eneine Concepts

-I'o demonstrate how Ihe regencrativelv-coolcd

thrust chamber can intcgrate into thc engine system to

,?rovide a regeneratively cooled Fastrac cn,,me, ,,,

<..t)upJe tq" conceptual lawmts were developed, k

concept ,,'+'as developed fl)r an altitude engine with a

30:1 expansion ratio nozzle, such as the X-34, and fl)r a

booster ,,'chicle application. The conceptual layouts

,mlv show the maior engine components - reeen Ihrust

;]{IIIqDCF. {L1Fb(q_UIY1D._:.IS ffellt2rillt,r, l'tl;_.lll _nleci('r. F!]tlln

iCI ', Lilt,C. I11,.111]_XltJizcI '._tl_,O. _L;IDi)DUIII[') i'_P;.iC,k.Ok

I'VC actuator bracket, lox teed line. and luel feed tint.

X-34 Application

Figure 2 shows a conceptual model of a

regeneratively cooled Fastrac engine suitable for the X-

'- :7'_C,llCi] ;ic[c_:_!'KtCC {_i{lllC, ;,ieC _ ; tilt_" :t:\c_'lllill2

design requirements was the abititv to have the coolant

jacket fully primed at engine start, thus the coolant

.jacket needed to) be between tile fuel turbopump

discharge and the main fuel valve. As part of the X-34

mission profile the vehicle is carried at an altitude of

-5.()00 ft for about aIi hour prior to drop and engine

,"-i'4tuc 2 - f"astmc En<4itw with Reqen-Cooled

Thrust Chantber.,#Jr X-34 Application

i_nition. Tile ambient temperature :it that altitude is

near tile Ik-eezing temperature of RP-t, thus a major

wstem integration study will have to address that issue.

The MFV is moved to the opposite side of engine,

moved up, and uses the same splitter block arrangement

:_s the existing engine to distribute fuel to the two sides

;,ithc iniector. The engine system is shown with a

nozzle extension to provide the 30:1 expansion ratio

nozzle. The thrust chamber is regeneratively-cooled to

an area ratio of 15:1 and nozzle skirt is connected to a

',lance included :is part of the lower fuel manifold.

71a<_,,,n1. I ::o/iic '_kirt that 1,_c,_,licci b\ dLmlp cooling

:1 Iidnsplr,illlc)rl coolln_ ',,.Ill1 [lie _gts _ellerkllt)r exhaust.

similar to that used on the Saturn F-I engines. An

ablative nozzle extension or an uncooled refractory

metal nozzle could also be used. The low heating rate

in that portion of the nozzle would allow a properly

designed ablative nozzle extension to have a life of

c;'crai ,.:ii-durauon ,csts. i!_c _:_gn-icmperature

refractory metal nozzle extension probably would not

be a good choice for the X-34 application because of

the radiative heating toad generated to the aft section of

the vehicle.

,kmencan institute of Aeronautics and Astronautics



f:ic, ure 3 - Fastrac En_tne with Rec, en /Ttrttst

( Tmmber tbr B_)o._tcr ,Wwhccm(m

:_:_tcr .\ppiications

In Ihc SAI I2K cneme, t[_c luci i[,_,._.-, tr_ml Inc

_ippcr manilk)ld directly into Ihc mlectt_r luci mamlold.

bus avoidin,.z piping to c_mnect the tipper luci m:lilllo]d

,J die inlet!or, if it is tlSgUlliCd li]e l::lS.[rac ciIglnc 1,,

-r.arted ill a xertica] confieuratitm, a.,_ in a xcrtlcai

_,kcolf launch vehicle appiicauon. [his ,amc I!,pc ,,l

',5,[ClI1 CL[II i'_C used. ]'hc k_'tiolZ.l!lt 1;{CkCt c¢_tlJd _,'c

manually pre-primed, or the start sequence modified to

fill the jacket as part of the start transient.

Figure 3 shows a conceptual layout for a booster

application Regen-Fastrac engine. The fuel pump

discharge is connected to the main fuel valve, which is

rotated down 180" from its current configuration. The

MFV feeds the lower manifold. The upper manifold

feeds the injector directly through holes or slots in the

thrust chamber flange and the injector. The concept

model is shown with the 15:1 nozzle used for the test

article design. The exact nozzle contour would have to

be optimized for the specific booster vehicle

application, but that has relatively minor implications

on the hardware design.

Desien Description

Figure 4 is a CADD model of the regen thrust

chamber test article. The coolant jacket is fabricated by

weldin__ hvdraformed copper tubes toeether to form a

_ontinuous tubcwait. The rosen thrust chamber contour

is the same as the existing ablative nozzles - with one

exception - the straight segment in the throat has been

removed. ,%. slraight throat section _s often used in

;lblalive Ihroats. but i., unnecessarx in a hardwall

chamber. The maior c_!nponents _I the assembly

qchidc :he !ubewall. _llc !_,wer :rod ":ppcr manifolds.

.!nd Ihe compos,te structural lackct.

C_>pper tLming. .,ilo\ C122. :., ilvdraformed to

_bltim the c_,rrect widths at ;tJi axial __osttmns along the

L_lrtlSt challlDCr contour It) proo.ucc a COl][inuous coolant

iackct. It is formed usm,.z txvo sets of tubes: the first set

.:oFnprlsc the combustion ch_.llllber und !'lt)zzlc section to

Lit _ll'C;.l IdtlO ()I ;thou[ D._:i. iitc sCColld set of tubes

,+rm tt+c m)zzle irom me .:,5:I t_+ t5:1 :_rea ratios, and

Splitter Block and

Adapter Flange .cwer Manifold

Comoosite Jacket

/"Fuel Inlet and Splice Ring

Faciti_ Adapter Flange

Tube End,'

Plugged

Figure 4 - Exploded _ Tew o.l Thrust Chamber

.,nnerican institute ol Aeronautics and Astronautics



contain twice as many tubes as the chamber/throat

tubes. A machined copper ring with passothrough slots
is used to take the coolant flow from two nozzle tubes

into one chamber/throat tube.

The fuel enters the thrust dlamber at the nozzle

exit with a single inlet duct. The inlet manifold, a

torpid formed by rolling a piece of stainless steel

tubing, distributes fuel to each tube through a slot in the

top of each tube. The torroid is attached to rings

welded to the tubewall, and the upper support ring

serves as a transition to the composite jacket. Fhe

upper manifold contains the thrust chamber flange to

attach to the injector• The injector interface design is

exactly the same as the ablative design, with particular

attention to ensuring the aperture to the injector

acoustic ca'vitv is the same. Fuel exits each tube

through a slot in the top of each tube to the manuoM.

'Fhe upper manifold exit is located I S() ° froln tile inlet

;_3 provide as equal l]ow as possible lhrou,.:il caci_ tb'he.

7',_c ,:omposuc lacKct ; . =hricatcct i>ln_ _c

nvoiute fabrication process, discussed in _:_c :_cxt

,cotton. A graphite/phenoiic preimpregnated iabrlc was

,ctected due _o the predicted lcnlpcrature _', [he

_m_positc/tubcx_ :ill interface.

::lbricall{)l] i)ri_cc_,s ,"-;c]ccli(_ll

'_. IlUnlDcr c'l trade MLIdlCS .,crc pc[lttlll]Ckl c',l.li-II]ff

'he (lesion phase Ill scicct tile ILli'_tic:.alOil []]dtll{}tF-, [,,) pc

:sod on tile test :.II'tlCIC.

_ tnc 5,\i ;2K _iu-ust ,__amncr. ,< .;Z'.,,< ;,>

iungsten ,\re \Vekting, ,Htcn tailed ['I(]_ process an

tscd to ioin lhc [Llt',es to lorm lilt [ut'_c V,,Aii Ldld >C41 h_t

AS II()m the c_;Iiipo:-ltc t)'.,ClWraD. _!IC i'[(] '_CKI ',_;t._

.,_ed because _1 proDJenls wllh :1 41iver-st)J(iL'r V::tzc 1ii

lie 4K rc,.2,ell-C(_oJed cilaillbCl (_qll"; the t."_ lilidCF -.2c:1oll

q tllat c]l;_l.illt_er '.AL[S COOled). ",ll]ff ;l '4)lcI]-t'_razc

:-eauires heating a much larger area, crcatinL, differential

}lerma] expansion, cc)ntailllllall()n ?rohJenls tlUtln_ tile

',Jrlne : )I {}]e yDinFit)slte ,ICKC[. <;ILJ -,t_ssiiJie

.:tA:ILU_"[,UZI i- -LIe>. ,_' . J

_ ,LI:v_' ..........

,:II5,1(ICFCt_l t)pIullunl. _]tc [_,_,t_ {I:.ILII[It)nLLI II]C{lll}kl> LiNed

:o it)in coolant tubes for rocket engine thrust ctlambers

:re lurnace brazing and clectroplating.

After reviewing the specifications for furnace

brazing alloys we determined that furnace brazing

, ,' a .. r ..... "PT-!';*.? _]i'" Y

razing ,cmpcraturc _cqutrcu .ha _c ,_ucu
:couirements o( the assembly tooiin<-.

{Iccm_platinL_' is ;: i,finine :::ctnou ],z :'::_c,.v:ul

engines, and is used on SSME, Ariane V, and numerous

_ther rocket engines, and seemed like :1 reasonable

'{clrlLltl_,e '._:I- 7zi'.; L;DDIICLL[ItUI " i", v;HlCltlCICc; _;L[[

;cctroDlatlil_ '.,,ouid bc an CxCclJCllt can(li(latc [_,r Lk

production run of regen-chambers, however for a one-

unit production the non-recurring engineering and

looling costs were prohibitive.

The SAI 12K engine has a graphite composite

:nateriai structural jacket fabricated on top of the

tubewall and tied into the upper manifold. The SAI

12K uses a liquid injection thrust vector control system,

so the side force, and resulting-bending moment, that

the jacket must resist is small. The primary, load the

jacket must contain is the combustion chamber hoop

,,tress. A composite .jacket was proposed for the Fastrac

chamber using an involute fabrication method. An

involute composite lay-up is often used for ablative

solid propellant rocket motor nozzles, so extension of

the method to this application is somewhat unique. An

;flternative identified in the proposal was to fabricate

he structural iacket bv electroplating nickel on top of

he tubes.

.',.n JnvoJute lay-up _echni_ue means that a

,mn,,>sttc part is iahr]catcu usin,.z inuividuaI panels ot +

omposue labric iaid on top of each olher, each offset

:w some alnount. ()ne can envision an involute by

::Nin,.z a deck el cards and spreading it out on the table

',ilh caCll card _qlset parallel to each _ther by a set

.re(rant. !iten take the cards and bend them around a

'::lntlrci ::ild !tICK the ,gild _,i {he >Dread v, ut cards

.ildclnea[ll i',lc t'Cfflllnlllff it) it)lnl LL L', tinder. ,.\

_Hnr_osiIelaCKeIcan sHlliiarivbe fabricatedfor a rocket

'a.emcm,' 141<in_nxlai ,qripsand mdividuailv forming

,_Cll b_ the C_ ll{_)I.II t_I !he I_II'LISt cilailiDer U-,Ino'.e graphite

5_cr fabric pre-impre_nateo v,iih resin. .\n involute

ahrication Icchnluuc reumres ;cry iittle_oling and is

:1 C\cclicnI t_Fdlt)n lor prot()l)plllff.

,, ,Icstcn [Facto ,tudv 'vcis cle_,'ei(ipcd tO weioh

,bricatlon ,:! the cmnposite i:_ckct t_.lttl An involute

,tcKct ',crsus [ilc lilOYC c{)nvcntionai nlctllod winding or

!iber placement. The review determined three critical

,isadvantaees h_ lhe conventional method. First. in

:dot t_, use a ,,,,,ndmL, machine for the ctm_nosite jacket

' _:1" 1!; :7 Ill ,e DDCF i'e !it '<0 !he

.... i* ......... • ,. *. _:,Lci{l,,i .... _l,d. [c}tHIll_

_uld i)v' ¢,,_'cdcd t't UlC ilozzlc exit ttlld {he in.lector

,.uerface flange to allow the fibers to wrap around the

ends tmateriai which would be later cut offL and this

tooling would be large and could be outside the costs

budgeted for composite acket tooling. Finally, the

'.i::!'i!!'" _' '. .....'_:::,:'.: ',_i]:_c :..:chine '.'.:is

.lnleCt to tile. priorities el the governnlent s use, and as

-Llch. couid create a schedule problem affecting test

:title ,Jcii,.erv. The i-rimarv _dvantaee _f the fiber

winding machine is that the jacket would be applied in

essentially lhe same design as lhe existin_ ablative

,;4littler>. 7::, :;'_lmii_l/iI!e tccilnic:iI ;k,k.

,.incrlcan IllStltutc el Aeronautics ancl z\stronautics



The third alternative evaluated for the structural

jacket was electroplating a nickel jacket on top of the

tubewaii. Nickel offers a high strength, high modulus

material and brackets could easily be added by welding

them directly to the nickel. The attractiveness of the

nickel jacket exists only if the tubes are joined by

electroplating. Once it was determined that

electroplating the tubewali was prohibitively expensive,

a more detailed investigation of the nickel jacket was

abandoned. Issues which need further investigation are

differential thermal expansion and the resulting thermal

stresses, and crack propagation caused by the

preferential grain growth direction.

Prototyping

A number of prototyping activities occurred during

the design phase in order to completely understand the

processes required lbr fabrication. All processes were

prototyped which were significantly different than used

in tile 12K thrust chamber, or where the process used in

the 12K thrust chamber could be improved.

Prototyping was conducted in three areas, tube welding

and brazing, tube hydraforming, and composite jacket

fabrication.

Design Analyses

Fluid dynamic and structural analyses _serc

conducted as needed to support the test articic design

and to predict the performance of the hardware. Lower

,,rder calculations and analyses, cmpiricall_v bascd and

simple analytical equations, were generated to begin the

design while higher order analyses were being

developed. Computational fluid dynamic anaivsis t_l

the I]ow through an individual tube was conducted to

_}btain a higher resolution of the fluid hehavior in the

individual tubes. Finite clement method structural

analysis software was used to support the mechanical

design of the test article.

!=]uid I)", namic ,,knaivsis

i]lcrmai LlllaJ'_sc_ >,crc kJC\CJ_It'It.'LI : ' ;[Ctlh._[ LL]C

temperature at the tubcwall-compositc jacket interface.

the bulk temperature rise in the fuel, and the coolant

circuit pressure drop. The analyses were anchored

against test data from the SAI 12K thrust chamber. A

hot-gas side prediction was made using the Bartz

._mation. ,._ith correlations I,_ the t2K dala. :'_nd i,,

,t_own in Figure 5.

A 2-D transient model was developed to predict the

heat transfer in and through the copper robe. The

transient analysis shows that the engine reaches thermal

steady-state after 2 seconds of mainstage operation (the

-imulation ienored the. engine start transientL Fieure 6

as a plot of the temperature distribution through the tube

14

_12

_io
58
m

Lk,

_4

Bartz Equation, Fastrac Engine

0 ! 2 4 6 8 10 12 14

_I_ Area Ratio Parameter

Figure 5 - Predicted Heat Flux for Fastrac Engine

wall as a function of the position along the tube from

the center of the tube inside the chamber to the center

of the tube at the interface to the composite jacket. This

plot shows the predicted temperature across the tube is

approximately 70°F. It also shows that the temperature

at the composite jacket interlace is approximately

260°F. The heat conduction through the tube and

predicted inside wall temperature is used with a liquid-

_ide convection model to predict the temperature rise in

the fuel coolant. The predicted bulk temperature rise is

'approximately 160°F. A pipe-flow, friction factor

method was used to predict a 22 psid pressure drop in

tim coolant tubes minus the inlet and exit effects.

Fastrac Tube Transient Analysis
S_eaay State Temps

650
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Figure 6 - Coolant Tube Temperature Profile at

the Throat

i!le ,:olllputationai i]tiid _!,,'nal111c _CFD) model

llnUlatetl the l]il_,v irl c:.icI1 _I ttlC tuDcs, but not the

inlet, exit, or the tube splice ring. The CFD study

included the effects of v,'u'iable properties (density,

viscosity, specific heat, etc., as a function of

temperature) and used predicted tube wall temperatures

generated by the analytical models. The CFD results

:nrrcJatcd very _xetl. Frcdicting a tt,tai temperature rise

of 158°F and a pressure drop of 24 psid. The CFD

analysis modeled the boundary layer of the flow at the

hot wall and determined that the conditions required for

coking of the RP- 1 propellant do not exit.

American lnsntute of Aeronautics and Astronautics



Structural Desi.on and Analysis

As with the fluid dynamic analyses, the structural

analyses were conducted in two phases, initial hand

calculations and low-fidelity finite element method

(FEM) models were used to size the hardware while

more detailed FEM models were being developed. The

structural jacket design requirements were based upon

the loads from an integrated engine with maximum

TVC actuator loads. Problems with developing the

detailed FEM model prevented having the final result

until after the detailed design was complete. ,-ks will be

discussed, the final FEM analysis indicates tile test

article has sufficient structural margin for engine

testing, but may not be able to support the prcJicted

FVC actuator loads. The composite jacket was sized

using the initial assumption that the jacket carried all o1

tile combustion chamber pressure and maximum

predicted TVC actuator loads. The predicted TVC

actuator h)ads are quite high and include peak dynamic

,_ads as static loads - a conserv:mve assunlption. _.,-,inE

'+endor data for typical graphite/ep(_xy .r, mposHe

materials, a conservative design was chosen to provide

a wall thickness of 0.25'" in the combustion chamber

md thruueh tile TVC actuator position {,tl the m_/zle.

Be,,'_md the TVC actuator the dcsien mickncss was

Jtitlced h) )._0 ill t3tyCa.ltlSC ]',Itlc {,Kit] ] 'rc',,Cll [ltl

, Llrti/er tlllckness rcOuctl_)n _uid ,_a', c "con :t

.:lmmlacturlng problem.

:he cross-sectional _comelrles of lhc ,._x)iant tLli',CS

.-, _t luncHon el dxlai position. :itltl tile :i:,>,_Cl:J.tCt.l \_.al[

hicknesses, v, cre developed using the low-icvcl FK..\

_qtware. i'l_e analysis was validated Li_altlSt !ilC

]tlven 12K ,Jreonleirv. ihc tlCslEn criteria Ll:-,xtllllOtl [Be

:_ppcr tubing imd lull,,' anncaicd ",trcnetn Fropcrues.

.',on lh()u_h :.I si,2nificant, but varmbic amount _q ct_id-

v{_rkHl_ is present in tile tuDes LIIICF tile iI"_.VtlLllOrlllln_.

Tbus. any grain growth, and subsequent reannealing,

_aused by the heat introduced ,]urine tile assembly

),.cidin,.: is essentially irrelevant. The _-] lranslcnt neat

_R%]CF T:7_!LI,._'I '.d'-, '.-,2_1 '_ ',NILI(C J:!l:Z 12 -

..2 ,ilC .,itl .ALl .... tJ_L,,_- . ., L' ...... :_.i

t C:.lllV ill {ligh ileat transler ktICLIS. {nUt tllat ille LiUC to

lhermal cycle fawme is of thc order _q IO0 cycles

_,;tarts to mainstage).

The detailed model included the internal chamber

pressure, the internal tube pressure, and the TVC

:;l,dl'_ldual tubes, the v, cids, ant sp_ce _:n,_,, unU the

composite iacket were limited by the soltware. A piane

I symmetry down the center ul the thrust chamber was

defined and half of the chamber was modeled. Initial

results of the model seemed to confirm tile initial

->,Iffl! 72>klltS, :,',_\\'C\'CI" ". NCI] :it i :!IC :, ',ILLS .. CI'C

cm'nDincd, and the nlesning problems solved, the model

predicted negative margins in the tubes in the divergent

portion of the nozzle between the splice ring and the

throat. The final model included updated property data

for the graphite-phenolic jacket. Since the stiffness

modulus for the composite jacket is less that the

stiffness of the tubewall, the bending moment from

applying the TVC actuator load is restrained by the

tubing instead of the jacket.

When the graphite-phenolic fabric was received,

tensile test articles were designed and fabricated in an

attempt to gather property data for the involute jacket.

Two tensile test samples were designed - one to obtain

the bond strength between the jacket and the upper

manifold and the other to obtain the bulk tensile

strength in the as-laid configuration. The bond test

specimen provided results representative of the matrix

!_eing used. However, the tensile test specimen data

',,,as inconclusive due to insufficient fiber length.

C_mposite materials experts at MSFC were

_>nstHted to re,.qew the tensile test data and its impact

ql the mvolute jacket design. It was determined that

without significant additional testing, the involute

iacket may not be able to support the design

:cuuircments. However. since slructural testing with

'.\:'CT actuator loads v, as not in the test plan. and since

'!e ,:ctuatt)r !<mdinL' _, :he cntic,li load. the involute

J,cket ;va.s l-cdesiened usmg updated design criteria and

.Jcsl_ned l_t- li_c sternal chanlber pressure as the

critical load. The tCSl _biecti'<cs {or Ihe test article can

tlit be met \,,tth me cnanmcr, t>v, cxer the design had

,+ t+e lurther iterated to account for fabrication issues.

!he neeative mares predicted in the tubewalt as a

+'suit t>i the tuDcwall. -.pllCe rine, and composite +jacket

;cs_etl _nd_c,tte the -u-ucturai dcsi,2n needs to be

_entiicanttv readdres_,cu as a lolh_\v-_m proiect.

Fabrication

";pccial t_xHin,z had to t_e fabricated for the tube

:rmine and chamber :_ssernhlv tlue h_ tiae sienificant

::cr_':_.:.- '_'.,,,e:_ : .'.,i '+_ :;d :-e Fastrac

:,._i][;Cl -. ,.:- '_liI]_ .- 1kltlCS :l\drauiic

,lydralormlng co,,Ulplnent, a >cgmenteq assembly

mandrel, and miscellaneous assembly fixtures.

Fhe assembly mandrel and horizontal assembly

cart is shown in Figure 7. The sections in the

combustion chamber, the convergent nozzle throat, and

+ [ [ : ' ' * ' : " O " ] Z + : : '" .... ' ' _ _ " ..... " ' ' " _to '_cparate

:arts lahricated from low-carbon steel. Fhe remaining

<ction of the nozzle was fabricated by applying a thin

'.avcr ,J i¢_,,v-carbon _teel tm top t,I a special

polyurethane loam and metal structure. The loam was

machined undersized to the desired contour and the

+}ZZIC trilL1 iil,2rllli.ll ,d,s--.Dra',, ltleE.ll tiCDt)Sltit)I1 WaS used

:o build up a steel snell to the final dimension. The

• _,lnerlcan institute t>l Aeronautics anO Astronauucs



Figure 7- Thrust Chamber Assembh, Mandrel

fabrication process for the nozzle mandrel was

qgnificantly less expensive, than building it bv mltinL,

.rod machining steel plate. There was aM_ tile added

benefit of lower wei<,ht and caster to handtine.

_ach of the tv,'o tube sections were fabNc_4ed usinL,

; nydralormlng process deveh)pctl bv _4ce .\i;qerlc4.

inc. for their commercial propulsion ,,,,steins. ,fret

<.'ach tube ,,,+'as formed to the final shape it was inspected

f<_r defects and dimensions. .\n end plug x_::s (IT,,\W

,.eitled into each tube and pr(n_f Icsted to :mr,,<,\mlatC]v

: '()(:_- o1 the nominal operating pressure lflSl,.iC !ilC [£1be.

!_.C LL<_'_t2llli'_l"," '._.:i>, elV-[i[ , P FIT,.." A ,,_I]'<F.'. :LtI]C.IIOJ

.lltl lhc lit III II1C cnlic4J rcL.'lons ,.{ th? . flIV, UMlOll

_:l/ullher Jll(l the P,',')zzic Ihl-oa{ .'.;ls 2"/cc]JL'n| ",llil

v'ltl.illlv :io _;lps. ::}_tlrC ilo,.t,, 2 '[!,ow4]{

_:_cinnly uurmg drv-I it.

GTAW v,:/s ,_elcctcd I_r rhc ttmex_a], ',',N,.line

"oc.'ause the single item production Lllltl[}IT'I,1. 'i',;CtlDIICC

:retract _reciuded dcvehmment _,t the cicct:LW_lallng c,r

thor ioinin_ process. Dcl)xidizcLl c_mpcr li]!cr i_ti W;IS

,,Ct{ J(Jr [he lubC-lt)-lilbe \',,,>'ills :i{]d Lm "L [il-,'_r WIZC

_iilcr rod was used to jom the copper tLtD¢_A;.III It)Ille

-rainless steel manifolds. During weldinL, c,t ".he nozzle

_lne _1 the tubes _;ere t_VOlilC,iltCd. ',', IllC)l _tl {urn

,ilsccJ p:lrtl4i llt_cat) tli<,inlegr:lllOFi _,! !]1L' ',, /?clrcl-_CL'}

':'. 'l! :. j r.., ,'l,[l: ......

(,i:J Ii.,'., _ , !_C ICIII[L![CC'I '.,l{il ..21 .;-,",> . .; ,.I.L_

,xiai locations, t'his lcit unsupported gaps t,etxveen tnc

]isks. which compromised Ihc desired c!irnensional

:,_lerances of the nozzle.

Torch brazing was selected for joining the tubes to

'he snlice rin_. A silver-bearine braze filler md was

..r)piication. Prototype braze !c_lilt tests Jnd{c4ted the

_int dcsien would allow liae braze lmitcrl::i !_ i]ox'+

2t;VCell lilt adjacent tubes .4n,u prt)vld¢ J. >L_-Oll,gjOlllt

with no leakage. After brazing of the splice ring tubes.

<iL,nificant amount of repair imd m be ::'ado. glntJ

_ JdI;I.Ctl 2', Idllt)[i>, _ ;C "IICC 7:- _+l tiler

Fi.eure <YDry-fit (It" Tubeu'all Prior to Welding

\accrhatcd the hrazin,_. Ihe rcsultinL, braze joint is

_slI1CtlC;.liiV pc_(_r. " ,Jt}[]lt/lllS et,vAi l'}'._'ll spots which

TI;IV t_'CllCralc >Ill:All dislurnances ill {l]C nozzle ilow.

.c_WCVCF [liCk" 41e llt)I c\Dectcd i_ ,_'2nerate shock

nduccd hot-spots.

Vhlic tllcsc l/lCctlalllC;.ll Iitt_:, ,:'<I:,L tiler wilt not

_lIect incclin',', Ihc lest obiectlvcs l(_r the tilrust chamber

.!lit :lIC ll]Lllt)r lCSS('lllS Jc4rncd I_r ".LI['LNO'._Iucnt chambers.

_,IIV !',CI'IOI'II1LUlCC ,]CCFC[ISC ',_'qll [:]-2' p, on-opllmum

":t)zzic -ilaDC ',aouid be lnlnof, i"LlI H;rust cannot be

qcasurccl _t lhe lost 14ciJitv. ,_ [i]e :-,:rtormance loss

_cinnot no ucicrnunecl.

The original composite jacket design used fabric

qeccs cut on the hills V.lth respect t,:_ [no fiber direction.

:fUN _kiiox'+in,_, 5. _, St. L ll[OllI'iCtl "' 10 c,mvex :rod

:!-';," ;: . !a'r', _:', - _' LCKOI rl,;

._ aL ,._ ; .,, LI,_ ,IL:_ . -'I i .... J ,.ilI'CC{l(la t)I

_IC llt;,tip _,LFCNS ill tnC Ct)lllDUs[lt)ll .:lamber - [ile

._'overnin,g load for the lest article - ii]e Involute design

had to be mociified to build up the ttlroat region to

reduce the amount of contour change. Figure 9 shows

the chamber durin,- fabrication of lhe involute .jacket.

,._,. ;: ,;J i l!t)F i [_IC

1411tl [,l}-up el lilt iilVOlUte !3,lCCCs {c} r??lp secure the

pieces durine tile lay-up and to help bond the .jacket to

Ac tL1DCV,ali. --; ]]ICllllt)ctJupies <ilid .: _,trmn gages

were attached to the metal tubewall prior to applying

!he resin anti involute ]av-u p to nrovide test data during

'1-_ i]2.

• ,,lllerlcan Institute t)l ,.'\cFonau[ics LIII(.I Astronautics



!

Figure 10 - Chamber Durin_ ('(:mposit<

la('ket FcU_ricattrm

!']IC i_tllid-tlD rL'CIOlI', \x,c'rc ,,;icuunl i_lff ,ic!'_tli_t_'d :-

avers _ere applied and the finalinvolute ',P'q_Cillni_, ',_,_F_

.iebulkcdpriort_llhe \",_cuumba_ cure c'+clc.

T!:c completed thrustchamber t_ ,hewn m Figure

• ',..\!>o>ho_n is the uppermanilold elbow _'i<,<K :mci

!he fuel adapter block.

!)esiqn/Process Improvements and Future _Vork

])cpondin_ upon future 'applicationsor the Fastrac

.n_inc. and the need _) lake _tcJ'<anla,ze :,l the

. c_eneratlvetv CO,died thrust chainocr, a low rcinalnlng

issues must be worked before fabrication ol additional

;hrust chambers can beein. Less(ms learned durine the

;_biicatlon t)I 1t]0 tOM :.IIIiCIc iI/cliC,_lI.C lll;l.t c!c_,iPil :tilcl

' ',Cm"x ]'ADFi!*,<2I'IlC_'Ii{ _, LIFO !'.2:.'tl:J:I ;;] ':,' :' L!7( ;i,.":I1

,..IZ '<- _i'L_,/.lI]_ " ]':<,L',_';,C) ....... ,' ;i ...... ...... _.

,lid [!]C L'CIIIIpOSILC jacket c._CSl _I] ,_lld ',;LDr IC_.i{It)II

process.

Vv'hile ttle test article was not designed It) he a light

weight test article, it is approximately the same weight

as the t5:1 ablative nozzle. The design of the upper

• c'lgl']t, ,iild t_plllEllZlllg IhC lul)e ltillllrl_ pr(Icoss dlld

composite jacket fabrication would also save ;':eiei_t.

" ,nscrx:itivcI;', :: light-weight '.crslt)ll ,,I ',]lc icgcn

thrust could save 10%-20% of the weight of the

_tblative nozzle.

Design Improvement Areas

A laser brazing technique for joining the tubes has

been experimented with, and appears promising. This

process could significantly improve the time associated

with the coolant circuit fabrication. Since the involute

composite jacket design does not appear to have

adequate strength, a new design and associated

fabrication technique is needed.-

The bifurcation joint must be redesigned due to the

problems encountered during the brazing. The major

problem was the ability to machine a large piece of

copper into a small, relatively low mass part. It became

difficult to control, and copper is notoriously hard to

machine because as it is cut with the machine tool it

becomes dimensionally unstable. A second problem

with the current splice ring design was the difficulty in

_ealing the vertical intratube leakage, i.e. the leakage

between the vertical sections of two tubes. Here, the

',etch braze material could not flow together from the

_p and bottom to ic>rm a good seal. ironically, this

_roblem was a result oI lhe tubes fittin_ together too

well.

[-uture \Vork

,\t Ibis Iiine, there are no plans to integrate a

-::encrativeiv-cooied IP,rust chainbcr _nt(_ tim MC-I

2:lElnc gas the propuision _,vstenl It,l tilt.? X-34. ,.\ regen

nrust chamber could ieciucc program risk by

:;'.,ure / -/¢e<.,enera:ive/v-('_.Ucd F_tstrac En,_,ine

:_ltttt.st (_'/:a#nl)er fcst A tt_c/c

• ,.inerlcan Institute el ,\eronauncs and Astronautics



eliminatingtheneedto replacethrustchambersafter
eachflight. A comprehensivedevelopmentprogramis
neededtodevelopthetechnologyanddesigntoproduce
anintegratedregenerativelycooledFastracengine.The
pathis definedby fourmajorsteps;thrustchamber
processimprovements,detailedintegrationlayout,
detailedintegrationdesign,andcomponentandengine
testing.

Test Article Testing

Tests are expected to be conducted at MSFC's test

facility in October 2000, depending on test stand

availability and MSFC priorities. The test objectives

are:

To demonstrate integrity of the test article and assess

practicality of upgrading the Fastrac engine to a fully

reusable engine by incorporating a regeneratively cooled

thrust chamber into the design.

To determine pressure drops in the fuel circuit and

therefore assess ease of integrating the regeneratively

cooled chamber into the Fastrac engine and power

balance. Overall pressure drop in the fuel circuit is

estimated to be less than the pressure drop in the current

calibration orifice between the fuel pump discharge and

the injector.

To compare measured temperatures on the combustion

chamber structure wilh analytical predictions, to confirm

predicted temperatures and heat transfer rates, and to

assess cooling margin for the regeneratively cooled

chamber.

The chamber wall is instrumented with 4 l

thermocouplcs attached tt_ the outside of the copper

tube wall. These were installed before thc uverwrap

was put on the chamber. Thermocouple probes are

located in the fuel inlet and outlet manifolds to measure

bulk fuel temperature rise in the cooling jacket.

Pressure taps are located on the fuel inlet and outlet

manifolds, in the iniector, and located in the thrust

.ilanlber head-end II]tllllI_)i_[ {_ :P,C_.ISUIC .: RIDtlStlI_I?
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tubewall.

All hot-fire tests will use the standard start

sequence for a component-level, tt]rust chamber

assembly test. Following checkouts, three hot-fire tests

are planned:

'O-second test with LCX _!_'.,_at r'aae ! .nq ! '! _,:el f,%v

in this condition, the LOX flow is metered by the LOX

valve and the fuel flow is metered by the facility cavitating

venturis. Chamber pressure is predicted to react4 about

400 psia.

• 30-second mainstage test, targeting nominal chamber

pressure 633 psia.

• 150-second (full duration) mainstage test, targeting the

same condition.

Summary

A tow-cost regeneratively-cooled thrust chamber has

been developed for the Fastrac engine, and a proof of

concept test article is awaiting test stand availability.

The cost of the regen chamber is expected to be

approximately 2.5 to 3.5 times the cost of the current

ablative nozzles, but it is expected to have at least 3

times the life. The exact cost is difficult to determine

until the identified process improvements are completed

and a nozzle skirt designed. The future of the Fastrac

engine and the Fastrac engine is unknown, so further

development of this thrust chamber is unknown.
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